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With increasing environmental pollution and climate change there is an urgent need for innovative solutions
to tackle these challenges. However, especially since we live in the age of plastics with a linear economy it is
important to not only look at their recyclability, biodegradability or that they are made from renewable
resources, but also their whole lifecycle from resourcing to end-of-life treatment in order to achieve
circularity. Inverse vulcanised polymers are claimed to be a green and more sustainable alternative to
a wide range of materials for applications in energy storage, separation systems, construction and
agriculture to just name a few. The use of waste material for their synthesis as well as the unique

iig:gfez %g?hhgjfyzz%zzss properties of these materials might be a game changer. But the path to large scale industrial production
and application is still far as the scale-up comes with its own set of challenges. Herein, we take a closer

DOI: 10.1039/d55100387¢ look at the individual milestones in the lifecycle of inverse vulcanised polymers and how they can fit in as
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Due to a large overproduction of sulfur from fossil fuel refinement, it is often stockpiled in huge pyramids in the open where it can cause environmental
pollution. Inverse vulcanised polymers offer a solution for the utilisation of elemental sulfur and simultaneously provide beneficial properties for a large range
of applications from energy storage to environmental remediation. However, the type of monomer and its processing has a huge impact on the system
sustainability. The focused development of these materials could ultimately contribute to the UN sustainability goals 6 through waste water remediation, 7 with

better energy storage systems, 9 through innovative construction materials, and 12 due to economic symbiosis and waste valorisation.

Introduction

The world is facing an escalating environmental crisis, with the
depletion of natural resources and increasing pollution levels as
two major aspects. These challenges stem from our reliance on
a linear economic model, where resources are extracted, used,
and discarded as waste. This approach is not only wasteful but
also unsustainable in the face of finite resources and growing
environmental pressures. To ensure a sustainable future, we
must accelerate transformation to a circular economy, which
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emphasises the reuse, recycling, and regeneration of resources,
harnessing both existing materials and renewable resources to
minimise waste and environmental harm.

Among the most pressing environmental issues is pollution
caused by plastics and hazardous chemicals. In nature, these
pollutants persist for decades, harming wildlife, ecosystems,
and human health. Addressing this issue requires innovative
solutions, including the development of cleaner, safer, and
more sustainable materials. In this regard, legislative frame-
works play a key role in driving the systemic changes needed to
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tackle these challenges. Policies and regulations encourage
industries to adopt greener practices and develop sustainable
innovations. The European Green Deal,' and the associated
2020 chemicals strategy introduced by the European Commis-
sion,” is a prime example of such an initiative, demanding
change from the chemical sector and broader economy through
stringent environmental standards, ambitious sustainability
goals, and support for technologies that are safe and sustain-
able by design. These legislative efforts are essential for
achieving a balance between economic growth and environ-
mental protection, paving the way for a more sustainable future.
Over 80 measures—including product innovation, avoiding
poor or unsustainable products and processes, and compliance
with REACH and CLP regulations—help ensure rigorous scru-
tiny of chemical use, regulation, and data requirements. This
strategy has been met with significant opposition from
industry,® as the new restrictions could limit chemical diversity
with rapid bans on new chemicals arguably preventing the
development of future technologies. Equally, these measures
can also fuel the development of new and more sustainable
materials that are built from renewable resources and designed
to recirculate in chemical product streams.

One emerging class of innovative materials are polymers
with high sulfur content. Similar to other historical develop-
ments in the field of materials chemistry, their development
was sparked by the utilisation of low-value waste products
which otherwise are expensive to dispose or store. Traditionally,
the use of sulfur in polymer science has been associated with
the vulcanisation process, a process used to strengthen rubber.*
Inverse vulcanisation (IV) flips this concept on its head, using
sulfur as a major building block to create entirely new classes of
polymers, often with remarkable properties.® Inverse vulcanised
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Fig. 1 Potential product lifecycle of IV materials from sourcing to
production, packaging, use-phase to the end-of-life with possible
options for recycling and recovery of the materials.
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polymers have been called revolutionary in the context of
sustainable materials since their production exploits industrial
waste, is solvent-free and simple, and allows for incorporation
of renewable resources.®” The scope of this review article is the
investigation of these claims, exploring the advantages and
disadvantages associated with the use of inverse-vulcanised
materials, with a goal to identify the challenges that must be
overcome for the sustainable industrial-scale application of
these polymers. To gain full understanding of the environ-
mental impact of a product, one should not only consider their
production and the respective carbon footprint but also assess
the full lifespan of the product (Fig. 1). Therefore, the individual
phases in the lifecycle of inverse vulcanised polymers are ana-
lysed herein, from synthetic challenges in the lab, their scale-up
and their use-phase, and potential end-of-life treatments fol-
lowed by a sustainability consideration for each section.

The lifecycle of inverse vulcanised
materials
Resourcing: waste sulfur

Elemental sulfur originates from both natural and anthropo-
genic sources. Natural sources include volcanic emissions and
biological processes in sulfur-rich environments, such as
wetlands. Meanwhile, anthropogenically sourced sulfur is a by-
product of industrial activities, including the refining of fossil
fuels, natural gas processing, and mining (Table 1).® Over the
last decade, global sulfur production has remained relatively
stable at about 85 million metric tons per year.® However, due to
worldwide regulations limiting sulfur content in diesel, gaso-
line, and natural gas, a continuous rise of the global sulfur
surplus is expected in the foreseeable future. Even though the
natural deposits for oil and gas will be depleted at some point in
the future, the current surplus production of sulfur poses
enormous challenges for existing producers, leading to reduced
sulfur prices and even disposal costs in some regions. This
becomes relevant especially when the depletion of natural oil
reserves with low sulfur content (so-called sweet crude oil) leads
to the use of formerly untapped deposits that were avoided due
to high sulfur contaminations (sour crude oil)." Sulfur is
primarily used to produce sulfuric acid, one of the world's most
widely used base chemicals. However, this use competes with
sulfuric acid recovered from ore smelting, since it is essential

Table 1 Sulfur sources and the respective annual production®

Sulfur source Mass equivalents [10° t]

Frasch sulfur 1.1
Natural sulfur 0.7
Pyrite 4.2
Sulfide ore 11.6
Natural gas desulfurisation 7.9
Tar sand 15.9
Crude oil 11.2
Unspecified 4.6
Total 57.3

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Sulfur in Alberta, Canada. Source:

pyramids
www.enersul.com/operations/.
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for processing phosphate rock and metallurgical ore leaching.
Other existing utilisations of sulfur, such as in pigments,
pesticides, and rubber vulcanisation and use as an agricultural
nutrient, are well established and offer limited opportunities for
consuming significant new sulfur supplies.™

As the amount of sulfur deposited in large piles increases, so
could its environmental impact, particularly due to the expo-
sure of elemental sulfur to weathering." However, only a few
studies discuss the environmental impact of sulfur piles, which
are considered the main source of sulfur for inverse vulcanisa-
tion in this article. Wagenfeld et al. argued that long-term
storage of elemental sulfur in blocks, as done in e.g. Kaza-
khstan and Canada, results in minimal environmental impact
(Fig. 2).©

Nevertheless, potential risks remain, including groundwater
contamination and the release of volatile sulfur dust, especially
if the highest safety measures are not implemented.”® Since
research on the environmental impact of elemental sulfur is
limited, we will transfer results from studies on its agricultural
use and general exposure to weathering. While elemental sulfur
is considered non-toxic in the environment and non-
accumulative in the food chain, complex biological, chemical,
and physical processes influence its fate and potential envi-
ronmental effects.”* The most common transformation is the
oxidation of elemental sulfur into sulfates, which are readily
available for plant uptake. This process is primarily biological,
driven by diverse microorganisms such as chemolithotrophs
(e.g., Thiobacillus species), heterotrophic bacteria, and fungi.
Thiobacillus species, in particular, are key sulfur oxidisers
frequently detected near sulfur piles, potentially causing soil
acidification and groundwater contamination through sulfuric
acid production if runoff is not properly
managed."”*>'® Several factors influence microbial sulfur
oxidation, including soil texture, pH, organic matter content,
nutrient availability, microbial interactions in the rhizosphere,
temperature, and moisture levels. Therefore, examining soil
composition and pH near sulfur piles and mining plants is
crucial for assessing environmental harm.™ Given that these
sulfur piles are exposed to all weather conditions, heavy rainfall

rainwater
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and wind can intensify their environmental impact.*>** Studies
indicate that heavy rains can alter the biogeochemical cycle by
causing lateral subsurface sulfur transport, leading to soil
acidification, loss of soil fertility, depletion of base chemicals,
and water acidification."” However, the question of toxicity to
plants, fungi, aquatic animals, and humans remains complex.
While elemental sulfur is generally considered harmless,
existing data and studies are incomplete. Kuklinska et al. re-
ported that sulfur toxicity has been detected in certain fungi,
some plants, animals, and humans. In humans, sulfur exposure
can cause skin irritation, allergic reactions, respiratory issues,
and eye irritation. Toxicity can occur through ingestion of
contaminated food or inhalation of sulfur dust, fumes, and
smoke."'* More critical to human health are volatile sulfur
compounds such as hydrogen sulfide and sulfur dioxide, which
are highly toxic and can additionally contribute to air pollution
and acid rain.

Given these potential negative impacts, further research is
necessary to fully understand potential consequences.** Despite
these uncertainties of environmental harm, it is critical to
reduce the amount of sulfur stockpiled in the environment. One
part of the solution could be sulfur-rich polymers prepared by
inverse vulcanisation, a relatively recent advancement in
materials science, which has gained significant attention for its
potential to contribute substantially to the field of polymeric
materials with simultaneous beneficial effects on environ-
mental pollution.

Production phase: technical and economic challenges

Lab-scale synthesis. One of the first applications of
elemental sulfur was in the vulcanisation of natural rubbers.*
Since crude rubber contains unsaturated C=C bonds, making
it vulnerable to oxygen, ozone, and light with low resistance to
aromatic, aliphatic, and halogenated hydrocarbons, their
properties are insufficient for industrial applications. To
improve its resistance to degradation, natural rubber is
vulcanised. During this process, crude rubber such as natural
and synthetic rubber or acrylonitrile-butadiene-rubber is mixed
with about 3 wt% ground sulfur, along with accelerators and
activators, and then heated to around 150 °C." This process
converts raw gum-elastic polymeric material into a rubber-
elastic end product with adjustable properties like hardness
and elasticity, as a function of the degree of vulcanisation for
applications in tires for cars, trucks, bikes, and airplanes. With
higher sulfur loading and under controlled conditions, vulca-
nisation produces ebonite, a hard rubber first created by
Charles Goodyear through prolonged vulcanisation. Ebonite
contains about 30-40 wt% sulfur and was originally used as
a substitute for ebony wood.*® Further increasing the amount of
sulfur, i.e. reversing the ratios, results in inverse vulcanisation,
first established in 2013. Despite the extensive research on
inverse vulcanisation in the last decade, there are still many
unknown factors that influence reaction mechanisms and
kinetics, and material properties such as solubility and colour,
exacerbated by challenging characterisation as the products are
often both amorphous and insoluble.
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Understanding of kinetics, thermodynamics and the
mechanism

A full understanding of the kinetics of the inverse vulcanisation
process will help to better predict the outcome of such reactions
and the properties of the materials obtained thereof. This can
support the focused development of materials for specific
applications with consistent and predictable properties. In this
regard, fewer trial-and-error approaches are needed so the
development becomes more efficient and environmentally
friendly. Early work on the study of stable polymer materials
made from elemental sulfur is based on anionic sulfur copoly-
merisation with propylene sulfide following an anionic ring-
opening polymerisation pathway." The weak bond enthalpy of
the S-S bond of around 266 kJ mol " (C-C bond: 346 k] mol )
results in faster bond dissociation compared to that of C-C
bonds. Homolytic and heterolytic S-S bond cleavage mecha-
nisms have been proposed (Fig. 3), depending on the applied
temperature. Cleavage of the S-S bonds at elevated tempera-
tures forms ‘S-[S]¢-S° diradicals, which further polymerise
towards high-molecular weight polysulfides above temperatures
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of 159 °C.”>*** Heterolytic S-S bond cleavage under formation of
zwitterionic polysulfides in the form of +S-[S],-S— has been
proposed to take place above 200 °C.>** The role of homolytic
vs. heterolytic S-S bond fission in (inverse) vulcanisation is not
fully clarified yet and is still a topic of discussion in the litera-
ture.”® However, sulfur homopolymers are prone to depoly-
merisation due to the thermodynamically and entropically
favoured conformation of cyclic Ss<,<1, allotropes, resulting in
unstable materials.>® The invention of inverse vulcanisation in
2013 significantly changed the impact of sulfur polymer
chemistry in the scientific community. Stable high sulfur
content materials became available by the straightforward
reaction of elemental sulfur with unsaturated organic como-
nomers (so-called “cross-linkers”) at high temperatures. The
irreversible addition of sulfur to C=C double bonds under
formation of C-S bonds yielded stable materials with up to
90 wt% sulfur.”” Inverse vulcanisation can be seen as a bulk free-
radical polymerisation where sulfur acts as the initiator,
monomer, and solvent all at once. Yet, under certain condi-
tions, nucleophilic mechanisms also contribute, particularly
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Fig. 3 (A) General scheme of IV via an ionic or radical reaction pathway. (B) Selection of reported cross-linkers suitable for IV. Group I: cross-

linkers reactive without a catalyst in conventional IV; Group II: cross-linkers reactive with a catalyst; Group Ill: cross-linkers applicable in

photoinduced IV.
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when trace impurities, additives or initiators favour the
formation of polysulfide anions. Thus, inverse vulcanisation is
better understood as a mixed-mode polymerisation, where the
dominant pathway depends on the specific monomer chem-
istry, reaction temperature, and presence of catalytic or envi-
ronmental factors. With the easy to perform synthesis, low-cost
input materials and a wide range of possible monomers, inverse
vulcanisation offers inherent economic and ecological advan-
tages in terms of sustainability:

e The use of elemental sulfur comes with the benefit of low
cost and facile manageability. As of May 2024, the sulfur price
was £224 per ton on an industry scale.”® For comparison, the
price of styrene could be assumed to be £787 per ton in August
2024.%°

e The use of solvents or initiators is not necessary and
reactions exhibit outstanding atom efficiency with potentially
low-complexity reaction protocols, though significant control
measures could be required for consistent results.*

e In its most basic form, an inverse vulcanisation reaction
mixture comprises only elemental sulfur and a cross-linker,
which are both consumed during the polymerisation. In the
case of quantitative reactant conversion, extensive purification
steps (e.g. precipitation, washing, etc.) can be avoided and the
obtained polymers can be used directly.*”

Even though many commercial polymer building blocks
(propylene: —48 °C, vinylchloride: —13 °C, methacrylate: 80 °C;
methyl methacrylate: 101 °C, and styrene: 145 °C) have a lower
boiling temperature than the melting temperature of sulfur, it
has been shown that gaseous monomers can be passed through
molten sulfur to polymerise.** Direct polymerisation of sulfur
and gaseous monomers in the gas phase was also proven to
successfully produce sulfur polymers.** Despite the drawbacks
that come with high temperatures, this opens pathways to a new
group of monomers based on renewable resources, such as
glycerides, fatty acids, terpenes, rosin, phenols and benzoxa-
zines. A concise overview of renewable resources for inverse
vulcanisation has been recently published by Shen, Zheng, and
Zhang.*

Ground-breaking advancements in recent years were the
invention of “catalytic”, photoinduced and mechanochemical
inverse vulcanisation, which will be discussed briefly in the
following section. The addition of accelerators, most promi-
nently amine nucleophilic activators or metal di-
ethyldithiocarbamates, was shown to significantly decrease the
temperature and time required for full conversion of reactants
in IV reactions.** In contrast to conventional catalysis, the
accelerator may not be regained after the reaction as it is
believed to remain bound in the material.*®> The concept of
photoinduced inverse vulcanisation was introduced in 2022 by
Jia et al. and marked the first report of the successful reaction of
highly volatile and gaseous cross-linkers that are long estab-
lished as monomers in conventional polymerisations but were
not available for inverse vulcanisation, such as isoprene,
ethylene, dimethyl butadiene, and propene among others.*®
However, more research is necessary to convert the applicability
of gaseous cross-linkers from surface polymerisation to the
generation of multigram, macroscopic bulk materials.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Mechanochemical inverse vulcanisation uses the mechanical
energy applied by a ball mill to drive the polymerisation without
the need for external heat, therefore allowing polymerisation of
volatile cross-linkers that would not be accessible in a conven-
tional inverse vulcanisation.*”** Given the dramatically lower
energy consumption on one hand and the extended range of
usable cross-linkers on the other, these methods represent an
important advancement in terms of sustainability.

Characterisation of inverse vulcanised materials

Special considerations must be made in terms of material
characterisation and analysis, which differ from conventional
carbon-based polymer science. Whereas in a conventional,
purely organic polymerisation, the monomer conversion and
degree of polymerisation can be determined relatively easily
with established and widespread methods such as nuclear
magnetic resonance (NMR) spectroscopy and size exclusion
chromatography (SEC), the evaluation of IV reactions is more
intricate.*® Typically, the conversion of organic cross-linkers can
be monitored and validated by "H NMR and infrared (IR)
spectroscopy, which allow the detection of characteristic C=
C,*? C=C,®*" oxazine,”* and epoxide*** bonds among
others. However, to fully validate the progress of inverse vulca-
nisation, the irreversible conversion of cyclic elemental sulfur
into polysulfide chains is at least as important as the conversion
of organic cross-linking groups. Methods to evaluate the
incorporation of crystalline sulfur into stable amorphous poly-
sulfides mainly focus on differential scanning calorimetry (DSC)
and powder X-ray diffraction (PXRD) where residual crystalline
phases can be identified by melting or refraction, respec-
tively.””** The total amount of sulfur in a material may be
inferred by thermal gravimetric analysis® and elemental anal-
ysis,” and the qualitative presence of oligosulfides can be
confirmed by energy-dispersive X-ray spectroscopy (EDX),***>
time-of-flight secondary ion mass spectrometry (ToF-SIMS),***
and X-ray photoelectron spectroscopy (XPS).>* Nevertheless, the
exact determination of the sulfur rank and the long-term
stability of polysulfides remain challenging due to the
dynamic nature of S-S bonds, which can cause undetectable
depolymerisation.*® However, recent work by Chalker et al. on
high resolution Raman spectroscopy of high sulfur containing
polymers showed that in some cases di-, tri- and tetrasulfides
can be distinguished giving insights into the respective sulfur
rank.*®%’

One major problem of inverse vulcanisation is the inappli-
cability of SEC as a fast and effective tool to determine average
chain lengths and distributions of polysulfides prepared by this
method. The lack of control makes the preparation of narrowly
distributed polymers one of the major future challenges.>
Additionally, given the inherent insolubility of cross-linked
polysulfides, solution-based analyses are limited, and often
solid-state alternatives required. We believe that one key
advancement in polysulfide characterisation will be the
increased use of >*S NMR spectroscopy. Due to the low natural
abundance of the **S isotope (0.76%), its low gyromagnetic
ratio, and low sensitivity compared to protons, **S NMR

RSC Sustainability, 2025, 3, 4190-4227 | 4195
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spectroscopy has been a niche analysis method in the past.
Further challenges that complicate the sulfur NMR analysis are
the fact that **S is quadrupolar which might require solid state
NMR with its own set of limitations due to availability and
know-how. However, with improvements of *3S enrichment and
NMR instrumentation in recent years, we expect that **S NMR
spectroscopy can become a key method to gain further insights
into the mechanisms of inverse vulcanisation and the nature of
high sulfur content polymers.

Advancing inverse vulcanisation with computational
chemistry

To drive the development of inverse vulcanisation on a chemical
level, a deeper understanding of the underlying reaction
mechanism is vital.

Some of the most detailed mechanistic studies of inverse
vulcanization have focused on the polymerizations of sulfur with
1,3-diisopropenylbenzene (DIB) or styrene.**** However, the
comonomer can also play a crucial role in the reaction mecha-
nism and insights into reactions occurring at different functional
groups will allow a more elaborate choice of cross-linkers.
Understanding the influence of environmental conditions such
as moisture, oxygen exposure, etc. will also improve the
production of these materials on both the laboratory and
industrial scale by improved reaction management. In this
regard, computational methods are often applied to understand
reaction mechanisms and kinetics. Although to date, they have
not been applied extensively in the field of inverse vulcanisation,
this may change as the field attracts a greater number of
researchers. Some noteworthy articles that have applied density
functional theory (DFT) to inverse vulcanised polymers exist
already and may serve as starting points or blueprints for future
research.®** Tonkin et al. and Kleine et al. used DFT to under-
stand the infrared absorption of their target comonomers and
polymers, towards better infrared optical imaging lenses.*
Meanwhile Dodd et al. used DFT to understand the Raman
spectra of inverse vulcanised polymers and tried deciphering
their structure.*® Whilst not a direct probe of the polymers
themselves, Smith et al used computational chemistry to
calculate the Fukui indices of different atoms on a target
comonomer, indicating their likelihood of undergoing radical
attack and thereby shedding some light on the mechanism of
polymerisation.®®* An extensive DFT study was performed by
Zheng et al., focusing on DIB.** Their work represents the most
in-depth application of computational chemistry to inverse
vulcanisation to date, and gave insights into the chemo- and
regioselectivity of thiyl radicals with o-methyl styrene. The latest
DFT calculations on the photo-induced polymerisation of sulfur
species provided further insight into the mechanisms and
further predicted - and later validated - the thermal depoly-
merisation of sulfur species, which is crucial data for the
advancement of recycling methods for high sulfur polymers.®®

The aforementioned publications demonstrate that there is
a wealth of exciting results available from computational chem-
istry, in relation to inverse vulcanisation. Optical properties can
be predicted, directing research to finding the best comonomers
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to use for highly transparent infrared components, or even
elucidating the source of the colour of inverse vulcanised poly-
mers. The reactivity of comonomers can be predicted, explaining
why some comonomers are readily reactive and others are
recalcitrant, or which moieties of a comonomer are likely to be
reactive. This could guide comonomer selection or inform
catalysis of inverse vulcanisation by identifying reasons why
comonomers are unreactive and how a catalyst could lower the
activation barrier. In relation to this, machine learning models
could analyse reactivity trends in comonomers and suggest new
comonomers that could be reactive. Finally, although it would be
a particularly challenging and time-consuming undertaking, it is
possible that DFT could be used to calculate intermediate
species’ energy levels as well as the energy levels of the transition
states that connect them. This could then be used to elucidate
reaction pathways, as in the work of Pople et al. and explain
experimental observations, or with enough investigation, suggest
mechanisms for inverse vulcanisation.®

DFT is not the only computational approach that could
benefit inverse vulcanisation. Molecular dynamics could
provide ways to predict a variety of bulk properties for inverse
vulcanised polymers of different comonomers at different
degrees of cross-linking, resulting in potential structure-prop-
erty relationships. The glass transition temperature can be
predicted by molecular dynamics, which can be used to confirm
the inverse vulcanised polymer structure from experimental
data. The refractive index can be calculated, which is a value of
great importance in the optical applications of inverse vulcan-
ised polymers. A variety of mechanical properties can be pre-
dicted by molecular dynamics, which are important to know
where durability or elasticity in the applications is important.
Several properties important for battery applications of inverse
vulcanised polymers can be calculated, such as the dielectric
constant and the rates of mass transport of electrolytes through
a polymer matrix. Similarly, the migration of elemental sulfur
through a polymer matrix could be examined to predict the
rates of sulfur bloom. Finally, molecular dynamics could be
used to model interfaces, relating experimentally determined
surface tension to predicted values of hydrophobicity.

A core issue in applying computational chemistry, particu-
larly molecular dynamics, to inverse vulcanisation, is choosing
an appropriate model system. This can be challenging when the
structures involved are not explicitly understood; even when
developing hypothetical polymer units, significant care must be
taken. There are computational methods for modelling polymer
units, considering them as part of a repeating chain of infinite
length, without having to model the entire chain. However,
these methods may not be so easily applied to an inverse
vulcanised polymer, which is thought to be both highly cross-
linked, and have no defined repeating unit. A single inverse
vulcanised polymer encounters dramatic variability in its
structure from factors like varying numbers of sulfur atoms in
each sulfur chain; unreacted double bonds; sulfur loops (where
a sulfur chain that would otherwise cross-link, actually connects
to the same comonomer unit); by-product functionalities (e.g.
1,2-dithiole-3-thione rings); different distributions of cross-
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linking units within the same chain; and many more
complications.

The next best approach then is to abbreviate this model.
Good examples of this can be found in the work of Zheng et al.,*
Tonkin et al.,** Kleine et al.,*® and Dodd et al..** These studies
demonstrate the use of chemical intuition to rationalise
sensible abbreviated models for inverse vulcanised polymer
units. This allows DFT studies on these units, although it must
be remembered that these units cannot take into account the
effect of an extended polymer structure or long range interac-
tions, a necessary compromise to develop a model that is small
enough to undergo calculations in a reasonable timeframe. This
compromise of reducing the complexity and size (in terms of
number of atoms) in exchange for reasonable computation
times with the trade-off of reduced accuracy and applicability to
the real-world system is commonly encountered in most DFT
studies. However, due to the high complexity of inverse
vulcanised systems and their large size, such simplifications
may lead to reductions in their accuracy and applicability. It is
paramount to carefully consider the model to be used to get the
best accuracy and applicability possible. For molecular
dynamics, this problem would be expanded. One of the primary
sources of error in molecular dynamics is a model that is too
small and therefore not representative of the true system.
Molecular dynamics would also require a relatively high degree
of understanding of the structure of the polymer chains, to
build sensible models that encapsulate the interaction between
those chains. As such, it is likely that an intellectual break-
through regarding the building of digital models of inverse
vulcanised polymers would be necessary before molecular
dynamics could be applied with a useful degree of accuracy.

Taking computational chemistry a step further, recent
breakthroughs in the field of Al-based protein structure
prediction, in particular the development of AlphaFold and its
latest iteration, AlphaFold 3, could be a game changing tool for
polymer-based material innovations. This cutting-edge model is
capable of accurately predicting the joint structure of biomo-
lecular complexes, including proteins, nucleic acids and small
molecules. By significantly surpassing traditional docking
methods and physics-based approaches, AF3 enables highly
precise modelling of protein-ligand, protein-nucleic acid, and
antibody-antigen interactions. The ability to generate high-
accuracy predictions across diverse molecular types marks
a transformative step in computational chemistry and molec-
ular design.®”” While AlphaFold primarily focuses on biological
macromolecules, its underlying deep-learning framework could
be generalised to synthetic polymer chemistry. This advance-
ment would bridge the gap between computational chemistry
and experimental polymer science, leading to breakthroughs in
fields ranging from sustainable materials to high-performance
composites. By harnessing Al-driven molecular prediction,
polymers could be designed with unprecedented precision,
revolutionising the development of novel materials with
tailored functionalities. Beyond structure prediction, Al-driven
approaches could accelerate the discovery and optimisation of
advanced polymeric materials by training on vast polymer
libraries to rapidly screen and identify materials with the
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desired chemical and physical properties.®® In the relatively
young field of inverse vulcanised polymers, however, this would
require a massive extraction of materials data from the litera-
ture - another possible application for AI - since the data
availability for these materials is quite limited.

Transferring such approaches to the synthetic world of poly-
mer chemistry also comes with major challenges. With the
limited amount of building blocks in the natural world, specifi-
cally 20 natural amino acids, the number of possible combina-
tions and interactions is much lower compared to the amount of
synthetic building blocks available to date. Additionally, proteins
and enzymes are confined molecules with specific purposes and
limited interactions between each other. In a polymeric material
which is an assembly of macromolecules, they strongly interact
with each other physically and chemically, determining their
macroscopic properties. The combined effects of a massive
monomer library and macromolecular interactions make it very
difficult to predict their properties.

In terms of sustainability, computational chemistry has many
cited benefits that would be applicable to inverse vulcanisation.
Computational chemistry is often used to accelerate experimental
chemistry by identifying the most promising avenues through
computational predictions followed by a small subset of experi-
mental validation, requiring fewer experimental resources
Further benefits could arise from the prediction of bio-based
substitutes that produce precisely tuned chemical and physical
properties. A more promising and far-reaching application of AI
in polymer science is the development of biodegradable and
chemically recyclable polymers. This area would narrow down the
available building blocks and therefore facilitate calculations and
predictions. Furthermore, Al-driven models could help predict
the biodegradability of polymers by identifying molecular struc-
tures that are more susceptible to enzymatic breakdown. In
reverse, Al-assisted protein and enzyme design enables the
development of completely new biomolecules that can help to
break down polymers that are to-date not biodegradable. Specif-
ically high sulfur containing polymers that already could be
susceptible to biological attack are a low hanging fruit for such
approaches. It is important to highlight that the energy and water
demands of Al are ever increasing. Calculations should be con-
ducted with purpose, with computational tools designed for
efficiency in the same way that we would expect from synthetic
optimisations, so as to not replace one problem with another.

Even though computational methods can help to make
better reaction choices and improve the overall reaction
outcome, it is not enough to develop more sustainable materials
including less toxic and renewable reactants and products as
well as their recyclability on the lab-scale and beyond. A general
guideline for the sustainable development of chemicals and
materials are the “12 Principles of Green Chemistry”, which we
will introduce in the context of inverse vulcanisation.

Synthesis of inverse vulcanised materials in the context of
circular economy and the 12 principles of green chemistry

Since the Green Deal was launched in 2020, the term circular
economy has gained traction by advocating for a production
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and consumption model which strives to extend the lifetime of
products by using the 10 R principles.*® The 10 R principles
(Refuse, Reduce, Resell or Reuse, Repair, Refurbish, Remanu-
facture, Repurpose (Rethink), Recycle, Recover and Remine)
transform the common linear model of “take-make-consume
and dispose” into a circular model which considers waste as
a resource, drives to eliminate or reduce waste as much as
possible, considers every step of the lifecycle of a product to
enable multiple use cases of products, and decouples economic
growth from product consumption.®”®

Within polymer science, additives in plastics or difficult
separation of complex composite- and multi materials, can
impose limits on circularity, especially in terms of recycling.”
Some solutions include the reduction of complexity or the
change towards chemicals that are “optimal adapted - better —
safer” as in mono-materials.”* To approach these solutions,
green chemistry design principles are essential.

While green chemistry is originally designed to integrate
sustainability into linear process models, the literature states
that with its twelve principles, their revaluation and the focus
on the environmental pillar, green chemistry can contribute to
circular economy.”®”” Defined as “the design of chemical
products and processes that reduce or eliminate the generation
of hazardous substances””* it focuses on the technical part of
chemical and material development. Therefore, it plays
a crucial part not only in a circular economy but also in
sustainable chemistry, where the development of safer chem-
icals in all life cycle stages is evaluated economically and
socially.” Green chemistry principles are a guideline for a wide
range of practices aimed at making chemical processes more
sustainable, energy-efficient, and environmentally friendly.
This guideline is summarised in 12 key principles, first outlined
by Paul Anastas and John Warner in their 1998 book “Green
Chemistry: Theory and Practice”.” This should be a concept for
all research and development of new chemicals and materials to
decrease the environmental impact of the modern chemical
industry. In the following section we briefly describe the 12
principles and how the synthesis of inverse vulcanised mate-
rials is in alignment with these principles to underline their
potential as more sustainable alternatives to state-of-the-art
materials:

(1) Prevention: it is better to prevent waste than to treat or
clean up waste after it has been created.

Since sulfur is a waste product from the oil industry, inverse
vulcanisation turns a potential environmental burden into an
economic and ecological opportunity. By addressing waste
generation at its source, it is in alignment with the principle
that prevention is better than clean-up, minimising environ-
mental risks while creating more environmentally friendly
materials that could contribute to a circular economy.
Furthermore, inverse vulcanisation can be conducted as
a solvent-free copolymerisation, which reduces the formation of
chemical waste during production.

(2) Atom economy: synthetic methods should be designed to
maximise the incorporation of all materials used in the process
into the final product.
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Inverse vulcanisation can be driven to an atom economy of
almost 100% making it a highly promising synthetic method
from a sustainability standpoint. This can guarantee a near
complete upcycling of sulfur waste into useful products, besides
minimal by-products which can be suppressed by adjusting
reactants and reaction conditions. The requirement for high
atom economy reinforces the aim to reduce potential H,S by-
products by the control of reaction conditions, in addition to
safety concerns.

(3) Less hazardous chemical syntheses: wherever practicable,
synthetic methods should be designed to use and generate
substances that possess little or no toxicity to human health and
the environment.

Even though inverse vulcanised materials are mostly bench
stable, they may potentially release small molecule sulfur
compounds, which could indicate a negative environmental
impact. To-date they are not known to be toxic, but for a full
understanding of the human and environmental toxicity, long-
term studies must be conducted.

(4) Designing safer chemicals: chemical products should be
designed to serve their desired function while minimising their
toxicity.

Preliminary studies with limonene-based polymers showed
no leaching of toxic compounds into water, proven by a cell
viability test with liver cells. Similar to the aforementioned
bullet point, a full environmental study should be conducted to
understand their impact, especially due to the variety of
comonomers which might show different degradation and
leaching behaviours.” It is worth noting that some inverse
vulcanised polymers are indeed flammable and can release
toxic gases. However, in certain composites, these polymers can
provide flame retarding properties.”

(5) Safer solvents and auxiliaries: the use of auxiliary
substances (e.g., solvents, separation agents, etc.) should be
made unnecessary wherever possible and, when used,
innocuous.

In most inverse vulcanisation reactions solvents are not
necessary. However, due to the strong exothermicity of the
reaction, solvents may offer a chance for heat dissipation during
large-scale synthesis, benefiting safety. Potential high boiling
solvents need to be non-toxic and recyclable to be in alignment
with the 12 principles.

(6) Design for energy efficiency: energy requirements of
chemical processes should be recognised for their environ-
mental and economic impacts and should be minimised.
Synthetic methods should be conducted at ambient tempera-
ture and pressure.

Inverse vulcanisation is a highly exothermic reaction, and
therefore energy input for heating is only required to initiate the
reaction. Subsequently, the process heat could be used for
initial heating of the reaction in a flow system or for the
distillation of solvents on the industrial scale. Additionally,
reactions can be conducted more energy efficiently at lower
temperatures when using catalysts like metals or amines.

(7) Use of renewable feedstocks: a raw material or feedstock
should be renewable rather than depleting whenever technically
and economically practicable.
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The use of unsaturated organic compounds such as plant
oils, limonene, etc. has been shown and proves the accessibility
of renewable resources for inverse vulcanisation. An important
aspect of renewable feedstock - especially with plant oils - is the
competition with the food chain, and therefore products such
as used cooking oils,”*”® peanut shells” and cellulose®*>** hold
promise for sustainable production. A detailed review on the
applications of used cooking oil can be found elsewhere.**

(8) Reduce derivatives: unnecessary derivatisation (use of
blocking groups, protection/deprotection, and temporary
modification of physical/chemical processes) should be mini-
mised or avoided if possible, because such steps require addi-
tional reagents and can generate waste.

The polymer properties can be tuned with the choice of
comonomer. More sensitive functional groups such as halo-
genides,* additional double bonds* or epoxides,*>** should be
introduced by orthogonal post-polymerisation modification
methods to avoid side reactions.

(9) Catalysis: catalytic reagents (as selective as possible) are
superior to stoichiometric reagents.

Inverse vulcanisation can be catalysed by organic and inor-
ganic materials such as amines and metal oxides. This can
reduce the temperature needed for the reaction and therefore
increase the safety of potential scale-up processes. Additionally,
inverse vulcanisation has been shown to be initiated by ultra-
violet (UV) irradiation or mechanochemical processes. This
brings the reaction temperature down to ambient conditions
and reduces the evolution of toxic by-products such as H,S.

(10) Design for degradation: chemical products should be
designed so that at the end of their lifetime break down into
innocuous degradation products and do not persist in the
environment.

Due to the inherent dynamic behaviour of the S-S bonds in
polysulfide containing materials, they can be recycled
mechanically and chemically. Although these materials are
highly resistant to acids, bases and a range of solvents, it has
been shown that the S-S bonds can be degraded.*®* Further
research has to be devoted to the full recovery of the organic
components as well as potential by-products, weathering
behaviour, biodegradation and their toxicity.***

(11) Real-time analysis for pollution prevention: analytical
methodologies need to be further developed to allow for real-
time, in-process monitoring and control prior to the forma-
tion of hazardous substances.

The main analytical tool for the characterisation of sulfur
compounds is Raman spectroscopy. Its incorporation as an
online monitoring method can be used to identify certain sulfur
species in the polymer as well as sulfur by-products. Other
methods such as infrared (IR) spectroscopy can be imple-
mented to follow the consumption of double bonds and
therefore drive the reaction to full conversion.

(12) Inherently safer chemistry for accident prevention:
substances and the form of a substance used in a chemical
process should be chosen to minimise the potential for chem-
ical accidents, including releases, explosions, and fires.

Auto acceleration of inverse vulcanisation poses a safety
issue, mostly due to potential explosion of the reaction setup

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

and the evolution of toxic H,S. This is the major hurdle for the
industrialisation of inverse vulcanised materials, since process
safety is of utmost importance. The use of catalysts, photo-
chemistry, mechanochemistry and solvents/additives may alle-
viate this issue; however, more research is required in order to
apply these concepts on a larger scale and to gain a better
understanding of the causes of H,S being produced as a by-
product and how to stop it.

These principles demonstrate the inherent simplicity of the
inverse vulcanisation process and are a good example of how to
put these principles in practice. Simultaneously it highlights
the crucial role green chemistry plays, not only in a circular
economy, but also in sustainable chemistry.” As a quantitative
measure of the environmental and economic impact of prod-
ucts and processes, life cycle assessment (LCA) proved to be an
efficient tool which enables the identification of potential
environmentally friendly technologies including the principles
of green chemistry.”*** This will be further discussed in later
stages of this article.

To demonstrate the potential of inverse vulcanisation and its
future viability, the process has to be transferred to the indus-
trial scale. Here, the 12 principles can help to translate synthetic
procedures from lab-scale to the industrial level, i.e. by reducing
waste or simplifying the used chemicals. However, scale-up will
reveal several challenges that must be addressed in order to
commercialise high sulfur polymers for a broad range of
applications. In the following section we discuss challenges on
the laboratory and industrial levels and possible solutions.

From the lab to industrial scale-up

Although small scale (tens of grams) syntheses are acceptable
for specialty applications, in order to truly address the excess
sulfur problem, inverse vulcanisation must achieve mainstream
use wherein the polymers would be applied on the scale of
tonnes. The reaction must be scaled up from the grams scale to
the kilograms scale, and further, to the tonnes scale. With this
in mind, the reaction must be adapted to industrial reactor
designs and processing formats, which carry their own
considerations not encountered on the lab-scale. In addition,
consistent product quality is of utmost importance for real-
world applications.

The road so far

The majority of studies on inverse polymerisation mention the
need for efficient up-scaling in some way, but to date, only very
few publications have explicitly addressed it. In particular,
Griebel and Li et al. were the first to report kilogram scale
inverse vulcanisation.®® By choosing a reaction temperature as
low as T = 130 °C, the authors were able to produce a poly(-
sulfur-random-(1,2-diisopropenylbenzene)) (poly-S-r-DIB)
copolymer in the 1 kg scale from Sg (90 wt%) and DIB (10 wt%)
using 1,2-dichlorobenzene (50 wt% with regard to the total
monomers) as a solvent. Other approaches by Chalker et al.
used sodium chloride as the porogen and a heat sink to control
the exotherm on the kilogram scale.®* Due to its electrochemical
properties, the copolymer was suggested for application as an
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active cathode material in Li-S batteries. Meanwhile Clean
Earth Technologies synthesised 500 kg of a canola oil inverse
vulcanised polymer in bulk polymerisation, but it is worth
remembering that canola oil is a lower reactivity comonomer
and is less prone to exothermic runaway reaction complications
that other more reactive comonomers when scaled up.”

Challenges and possible solutions

The most prominent and prohibitive obstacle that must be
overcome when dealing with the scale-up of the inverse vulca-
nisation reaction is its inherent exothermicity and the ensuing
auto-acceleration that can occur, also known as the
Trommsdorff-Norrish effect.”® This effect becomes relevant
when exothermic polymerisation emits heat during its propa-
gation phase, which increases the rate of initiation and thus
also of propagation, hereby liberating yet more heat. This cycle
of increasing heat liberation can cause a runaway reaction
worsened by the fact that with more propagation, the molecular
weight (and degree of cross-linking if applicable) increases,
which increases the viscosity of the reaction and decreases the
efficiency of stirring. With poor stirring comes less effective
dumping of heat out of the reaction and into the surroundings,
leading to heat build-up and temperature increases within the
reaction mixture, accelerating propagation, which compounds
the problem. Consequently, inverse vulcanisation reactions will
often undergo an auto-acceleration event when they are
removed from stirring or agitation and are allowed to settle.

Fig. 4 Photograph of an inverse vulcanisation reaction after the
effects of auto-acceleration. The reaction was carried out by heating
50 g or dicyclopentadiene and 50 g of sulfur at 140 °C in a 500 ml flask.
Before the point where auto-acceleration occurred, the reaction
mixture consisted of ~100 ml of smooth liquid being stirred and
heated. After the heat generated by the exothermic reaction became
too great to be lost to the surroundings, the mixture bubbled up rapidly
— changing from a calm liquid to the form seen in approximately 2
seconds.
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On the lab-scale, auto-acceleration looks like a sudden
“bubbling up” of the reaction, accompanied by a rapid dark-
ening of the reaction mixture, increases in viscosity, and
sometimes the emission of fumes (Fig. 4). With proper control
measures, a lab-scale auto-acceleration is a minimal hazard that
results in a polymer with poor quality that polymerised so
rapidly that it is highly inhomogeneous and not usable for its
respective application. The results will likely be wastage of the
tens of grams of polymer and discarding the reaction glassware.
On an industrial scale, an auto-acceleration would be a cata-
strophic event. The severity of auto-acceleration increases with
increased reaction scale, as more monomer present means
there is more heat that can be liberated. This could result in
a dangerous thermal expansion or explosion that poses a health
hazard to nearby personnel. An industrial reactor would
potentially be damaged by such an auto-acceleration event, and
kilograms to tonnes of polymer would be wasted. Additionally,
auto-accelerations in inverse vulcanisation tend to cause
increased hydrogen sulfide production from the reaction, which
is easily controlled in the lab-scale, but could be overwhelming
on an industrial scale, leading to release of harmful hydrogen
sulfide emissions into the surroundings and the atmosphere.

Avoiding auto-accelerations on the industrial scale is chal-
lenging, because increasing the scale of the reaction rapidly
increases the likelihood of an auto-acceleration event: there is
more reactive material liberating heat and the reaction volume
is increased, making heat dissipation into the surroundings
much more challenging. Already at the hundreds of grams
scale, solvent-less inverse vulcanisations become highly prone
to auto-acceleration.

One route to overcoming this auto-acceleration obstacle is
using a lower reaction temperature, although this increases the
reaction time and thereby makes the overall process less
economical. Additionally, with a longer reaction time, there is
a greater probability that some unforeseen issue, such as
a power cut, could cause the reaction to fail. While this is
a minor issue on the lab-scale, this could present a serious
drawback for industrial scale synthesis as there is the potential
to waste many kilograms or even tonnes of material along with
any energy and time that was invested in the synthesis.
Furthermore, simply lowering the reaction temperature does
not address the root cause of the Trommsdorff-Norrish effect,
and thus solely lowering the temperature may be insufficient to
prevent auto-acceleration, especially since the scale inherently
increases the risk of auto-acceleration as mentioned above.

A low reactivity comonomer can be used, which means
choosing a comonomer wherein the alkene bonds are of high
activation energy, choosing a comonomer with a lower density
of reactive double bonds, or choosing a comonomer with only
one reactive double bond. The choice of comonomer, however,
will often be constrained by the desired application, so it is not
a particularly flexible variable. Additionally, using a lower
density of double bonds means that more sulfur atoms must be
stabilised across fewer double bonds, often resulting in a poly-
mer that is more prone to sulfur bloom and therefore has
a shorter lifespan. This can be explained by monomers with
high double bond density, such as DCPD, leading to lower
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sulfur ranks that are harder to degrade and therefore show
higher ageing resistance.”** Dodd et al. used Raman spectros-
copy to demonstrate that polymers with higher sulfur content
also exhibit higher amounts of unreacted sulfur,* which could
be correlated with increased ageing effects.” However, this field
is subject to further research into structure-property relations.

Catalytic activation of inverse vulcanisation has been shown
to reduce the likelihood of auto-accelerations in some cases, as
it permits a lower reaction temperature to achieve a similar rate
to a higher temperature inverse vulcanisation.***®

Process design also offers options. In particular, using
a larger number of smaller reaction vessels could facilitate heat
management and thus avoid undesired events induced by the
Trommsdorff-Norrish effect. In-depth considerations of
synthesis plant design are required to ensure realisation.
Alternatively, running the synthesis in flow could be a solution.
If the reaction mixture itself is constantly moving and the pipes
for the flow reactor are kept to sufficiently small diameters that
ensure efficient heat escape from the reaction mixture, heat
accumulation in the reaction mixture can be avoided. Since to
date, only batch reactions of inverse vulcanisation have been
performed, more future research on flow chemistry in relation
to inverse vulcanisation is suggested, with the goal of scale-up
in mind. A recent study of Chalker et al. utilised flow chem-
istry for the photochemical synthesis of poly(trisulfides) from
monomers derived from waste sulfur.®® These insights can help
to develop approaches for inverse vulcanisation in flow with
high efficiency and minimal energy input. Herein, viscosity
changes in the reaction mixture occurring as the reaction
progresses need to be considered, as these potentially lead to
the clogging of reactor pipes. Consequently, thorough studies
on the change in reaction viscosity with time will be needed.
The exact viscosity - reaction time relationship being unique for
every possible combination of reaction conditions and como-
nomer choices calls for a case-by-case study for every reaction to
be introduced into flow chemistry. Another potential solution
could be to run inverse vulcanisation in a solvent in a flow
reactor. What would then have to be considered is the potential
of precipitated polymer clogging the reactor pipes. As inverse
vulcanisation proceeds, the polymers show higher molecular
weight and degree of cross-linking, making them more insol-
uble. Thus, as the reaction proceeds for a longer time, there is
a higher chance of polymers precipitating from the solvent,
causing complications in the reactor. Flow reactors are
preferred in industry as they can continuously produce the
product, and are more economical in terms of heating because
after the initial energy-intensive heating up, the temperature
only needs to be maintained. This procedure causes much lower
energy costs than heating the reaction, maintaining tempera-
ture, and then cooling the reaction, as would be the case for
a batch reactor. Regardless, there is significant research work to
be done in the future before inverse vulcanisation can be per-
formed in flow reactors at the industrial scale, and there will
likely be many chemical engineering aspects to consider.

Using a solvent in the reaction is one of the most promising
ways to decrease the likelihood of an auto-acceleration, as it
dilutes the reactants and slows down the reaction and its heat
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generation over a larger volume. The solvent acts as a heat sink,
so the heat emitted does not just increase the temperature of
the reactants but also increases the temperature of the solvent,
which can then dump the heat into the surroundings.

However, adding a solvent brings some complications. First
of all, the solvent must be able to solvate both the comonomer
and the sulfur. There are almost no solvents that can solvate
solid sulfur to a degree that is useful in a reaction. Since inverse
vulcanisation cannot occur without activation when sulfur is in
the solid state, the miscibility of molten sulfur with hot solvents
should be under scrutiny. This does limit suitable solvents to
those with high boiling points, exceeding at least 120 °C (the
melting point of sulfur). One publication by Ren et al. demon-
strated the so